INTRODUCTION
Pacific bluefin tuna Thunnus thynnus orientalis is one of the most important fishery resources in the neritic region of Japan. Their abundance has decreased over the past decade, requiring more detailed scientific information on their distribution and movement. Spawning grounds of the Pacific bluefin are located to the south of the Japanese Islands, while immature bluefin are mainly distributed all around Japan. The East China Sea (Fig. 1) is a well-known wintering habitat for the immature bluefin, and from this sea they often migrate to the Pacific or to the Sea of Japan in late spring-summer; some often migrate to the Gulf of Alaska-California region as well (Bayliff 1994) , which is known as 'transpacific migration' (Orange & Fink 1963 , Clemens & Flitter 1969 . After spending 2 to 6 yr in the eastern Pacific, the bluefin return to the western Pacific for spawning (Bayliff 1980) . However, the mechanism for migration has not yet been clarified.
ABSTRACT: Immature Pacific bluefin tuna Thunnus thynnus orientalis, marked with an archival tag, were released near Tsushima Island in the eastern East China Sea (58 individuals on 7 to 14 December 1995, 47 individuals on 29 November 1996). Of these, 15 were recovered by the following summer period. From the tags retrieved, we analyzed time-series data on swimming depth and ambient temperature recorded every 128 s. Our main objectives were to determine diurnal and seasonal changes in the swimming depth of bluefin tuna and examine the effect of ambient temperature on their vertical distribution and movement. In winter, the bluefin swam within the surface mixed layer at shallower depths during the night than during the day; swimming depth displayed diel periodicity. Some individuals displaying marked diel periodicity tended to migrate further offshore (direction southwest), where greater temperature gradients in the vertical water column were observed. This indicates that diel vertical migration of bluefin tuna is a direct response to changes in the thermocline. However, as the thermocline developed further in summer, the bluefin spent most of their time at the surface, suggesting that bluefin avoid rapid temperature change at the thermocline by making behavioral thermoregulation. During the summer, however, the fish made frequent dives through the thermocline during the day, and diel periodicity of swimming depth was more prominent than that in winter. The purpose of this movement is considered to be foraging. In conclusion, spatial and seasonal changes of the vertical structure of ambient water temperature have a great effect on the vertical distribution and movement of the bluefin tuna.
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With regard to the vertical distribution and movement of the bluefin, information has been so far very limited and fragmentary. Recent biotelemetry studies revealed that vertical movement of yellowfin tuna Thunnus albacore was predominantly confined to the surface mixed layer above the thermocline (Carey & Olson 1982 , Holland et al. 1990 , Cayré 1991 , Block et al. 1997 . This corresponds to the empirical finding that purse seine catches of yellowfin tuna and skipjack tuna Katsuwonus pelamis were considerably large in the thin mixed layers above sharp thermocline (Green 1967) . Albacore tuna T. alalunga were on the other hand distributed in the region where vertical thermal difference was small (Kawasaki 1957) , and their fishing grounds around Japan were formed outside and away from cold-water eddies where the depth of the permanent thermocline was shallow (Kawai 1980 , Kimura et al. 1997 . In contrast with the above species, bigeye tuna T. obesus were abundant in or below the thermocline (Suda et al. 1969) . Bigeye tuna make large upward excursions, penetrating the thermocline in the daytime (Holland et al. 1992 ); this behavior is considered to be a result of 'physiological behavioral thermoregulation' (Holland et al. 1992) . Although there has not yet been any detailed information on the bluefin, these findings suggest that seasonal change in vertical temperature structure would greatly affect the vertical distribution and movement of the bluefin.
In recent years, a micro datalogger such as an 'archival tag' has been developed and applied to a few fish species to clarify homing behavior of salmon (Boehlert 1997 , Tanaka et al. 1998 ) and selective tidal transport of plaice (Metcalfe & Arnold 1997) . This recovery type datalogger enables us record time-series data for a longer duration and at a higher resolution compared to previous biotelemetry studies using various transmitters. Block et al. (1997 Block et al. ( , 1998 applied archival tags and pop-off satellite tags to Atlantic bluefin tuna Thunnus thynnus thynnus and studied their temporal and spatial movement patterns in the Atlantic Ocean. However, the authors only discussed the tagging methodology, and did not necessarily reveal the causal factor affecting movement of the fish.
In this study, we analyzed the comprehensive data on vertical distribution and movement of immature Pacific bluefin tuna obtained from the archival tags. Our main aims were to describe diurnal and seasonal changes in the swimming depth of the bluefin tuna, and to discuss the effect of ambient temperature and temperature gradients at the thermocline on the vertical distribution and movement. The behavioral characteristics of the bluefin in their vertical water column were also discussed in comparison with other tuna species.
MATERIALS AND METHODS
The main body of the archival tag (Northwest Marine Technology [NMT], Inc., WA, USA) used in the present study was 100 mm in length and 16 mm in diameter, with a weight (in air) of 52 g. A thin, flexible stalk, 150 mm long and 2.2 mm in diameter, was attached to the main body. The sensors for light and external temperature measurement were embedded in the end of the stalk, whereas those for pressure and internal temperature measurement were installed in the main body of the tag. The external and internal temperatures, swimming depth, and ambient light levels were all measured at an interval of 128 s (675 data d -1 ) for a maximum of 80 d. In addition, fish locations were roughly estimated every day from the time of sunrise and sunset detected by the light sensor, and ambient temperatures at 3 depths (0, 61, and 122 m) were recorded once a day during the whole period of tracking. The data stored by the tag were analyzed in the laboratory using an IBM compatible PC with an NMT adapter.
Pacific bluefin tuna Thunnus thynnus orientalis were captured by troll near Tsushima Island (Fig. 1 ). Of these, 105 immature tunas, with a fork length of 45 to 78 cm and ≤1 yr old (Yukinawa & Yabuta 1967) , were selected for tagging. The tunas marked with the archival tags were released near Tsushima Island on 2 Disinfected archival tags were inserted into the abdomen 4 to 5 cm above the anus by surgery. According to a breeding experiment made in a fish preserve for 123 to 453 d after attaching tags (Itoh unpubl.), bluefin tuna needed less than 1 wk to resume foraging. In addition, data records of the peritoneal cavity (internal) temperature did not indicate that negative responses occurred following tag attachment.
Of the 105 individuals released by fisheries in the East China Sea 15 (5 in 1995 and 10 in 1996) were recovered ( Fig. 1) . The duration of the data record for each individual recovered is shown in Fig. 2 . Nine out of 15 individuals were recovered within 2 mo after release, while the other 6 individuals were recovered within 4 to 7 mo after the release.
From the archival tags retrieved, we could obtain time-series data on the swimming depth, ambient water temperature, peritoneal cavity (internal) temperature, and ambient light level, which were all recorded every 128 s. The light level data were mainly used for differentiating daytime from nighttime. In the present study, since we mainly discuss the vertical distribution and movement of the Pacific bluefin in relation to the ambient water temperature, the detailed results on the time series of peritoneal cavity temperature will be described in another paper.
RESULTS

Average swimming depth
The time-series data obtained for Bluefin 177 in winter (15 December 1995 to 21 January 1996) and in summer (24 May 1996 to 30 June 1996 are shown in Figs. 3 & 4, respectively. In winter (November to January in this study), although the bluefin made diel vertical migration up to 120 m depth in the daytime and stayed at shallower depths in the nighttime, the ambient temperature did not change so much in association with the large vertical migration (Fig. 3 ). This small change is attributed to strong vertical mixing due to surface cooling. Bluefin 177 reached average nighttime and daytime depths of 25.5 and 59.3 m, respectively, as summarized in Table 1 . In contrast, summer (March to June in this study) was characterized as a stratified season. The bluefin spent most of its time at the surface in both the daytime and nighttime, and frequently dived to depth through the thermocline during the day (Fig. 4) . The diving resulted in a marked change in ambient temperature because of the existence of a seasonal thermocline below the surface mixed layer. The maximum diving depth also reached 120 m in summer; however, the average depth in the daytime (0.8 m) was shallow and not so different from that in the nighttime (3.9 m). This implies that diving serves a specific biological function that differs from the activity in the most frequented habitat above the thermocline.
The average depth for all individuals in December ranged from 23.3 to 32.1 m in the nighttime and from 26.8 to 70.5 m in the daytime (Table 1) , significantly greater than those in June, which ranged from 0.8 to 6.3 m in the nighttime and 2.4 to 15.2 m in the daytime (Kruskal-Wallis test followed by Games-Howell, p < 0.0001). The difference between the average daytime and nighttime depth in June was also significant for 5 individuals (Kruskal-Wallis test followed by GamesHowell, p < 0.0001), though it was not large. The average swimming depth of Bluefin 177, which is represented in Figs. 3 & 4, was similar to that for the other individuals.
Relationships between the swimming depth and ambient temperature by the tag attached to Bluefin 177. In December, vertical profiles of ambient temperature (around 17.4°C) seemed almost homogeneous above 100 m depth. The bluefin spent most of its time at the surface in the nighttime, although it also spent some time in deeper layers; however, during the day, there seemed to be no preferred depth of occurrence. In June, on the other hand, a seasonal thermocline developed and the swimming depth tended to be confined to the surface water (0 to 9 m) in both the daytime and nighttime. This suggests that a seasonal thermocline possibly regulates vertical distribution of the bluefin. Fig. 6 further shows the relationship between the thermal gradient and frequency of bluefin swimming in the surface water (0 to 9 m) in the daytime. The thermal gradient was defined as the difference between the average temperature at the surface and that at a depth of 50 to 59 m, indicating relative strength of the thermocline. In Fig. 6 , when the thermal gradient be- comes steeper, the bluefin spend much longer at the surface, suggesting that vertical structure of ambient temperature apparently affects the swimming depth of the bluefin. However, there may be an effect of temperature preference of the bluefin on this correlation, because higher surface temperature generally corresponds to larger temperature gradients. In fact, the average surface temperature ranged from 16.3 to 21.5°C, which is significantly correlated with the frequency of bluefin swimming at the surface in the daytime. This suggests that there are interactions among 3 factors: the swimming frequency at the surface, the thermal gradient, and the average temperature of the surface water. Thus, partial correlations among these 3 factors were examined, in which the correlation between each pair of the 3 factors was calculated while the values of the other factor were held constant (Zar 1996) . As a result, the correlation shown in Fig. 6 was significant (partial correlation coefficient = 0.839, p < 0.001), while the correlation between the average temperature of the surface water and the swimming frequency at the surface was not significant (partial correlation coefficient = -0.085, p > 0.1). These results strongly suggest that bluefin tuna tend to avoid vertical thermal change at the thermocline with the exception of frequent dives.
Periodicity of the swimming depth variation
In order to examine the periodicity of temporal variation in the swimming depth of bluefin, power spectra of the swimming depth of the time series data were calculated by fast Fourier Transform (FFT). Power spectra, whose periods ranged from 10 to 100 h for all individuals in winter, are shown in Fig. 7 . Among 15 individuals 6 had a marked peak in the power spectrum of about 24 h (Bluefin 138, 170, 177, 272, 282, 303) , indicating that bluefin made diel vertical migration, though the results for the others were indecisive. In Fig. 8 , horizontal distributions of 3 individuals (Bluefin 138, 170, 177) with highest peaks around 24 h were further compared with those of 3 individuals (Bluefin 289, 321, 328) with lowest peaks. The ellipses in Fig. 8 have their center at the mean location of each individual, and the major and minor axes indicate the magnitude of the standard deviation; the major axis corresponds to the direction of the greatest geographic range of bluefin movement and the minor axis is orthogonal to the major one. If the distribution of bluefin in space follows a bivariate normal distribution, then the ellipse indicates a 40% confidence contour (Kendall & Picquelle 1990) . It is evident from Fig. 8 that the 3 individuals which had high peaks were widely distributed from the northeastern coast to southwest off the shore, while the horizontal coverage of those which had low peaks was small and mostly restricted to the coastal area. This suggests that the southwestward movement offshore could be related to the development of diel vertical migration. In order to confirm the implication of the southwestward movement for the diel periodicity of swimming depth, the power spectra of Bluefin 177, which stayed around the northeastern coast in December and largely migrated southwestward in January, were reanalyzed for each period. The results for this comparison of the power spectra are shown in Fig. 9 , together with corresponding vertical profiles of ambient temperature and frequency distributions of the swimming depth on the northeastern coast and southwest off the shore, respectively. The ambient temperature was around 18.5°C southwest off the shore, which was 0.9°C higher than that on the northeastern coast, and at depths below 100 m, water temperature gradually dropped and a gentle thermocline was formed. Swimming depth was located at the top of the thermocline (around 100 m) southwest off the shore and the pattern was more distinct than that on the northeastern coast. Apparently in response to the above features southwest off the shore, the diel periodicity became more prominent there compared to that on the northwestern coast. However, the number of samples was low and the addition of data from a few more tagged bluefin could enhance the above results.
The periodicity in summer is shown in Fig. 10 . There were high peaks in the power spectrum of about 24 h for all individuals. The bluefin spent most of their time at the surface in the nighttime and frequently dived to depth through the thermocline in the daytime under developed stratified conditions.
The secondary spectrum peaks were detected at about 12 h in most cases for both winter and summer (Figs. 7 & 10) . This periodicity was also strengthened by the southwestward movement (Fig. 9) . Although the reason is still unclear, this periodicity is possibly related to tidal period.
Peritoneal cavity temperature
In winter, peritoneal cavity temperature was maintained a little higher than ambient temperature and increased by only a few degrees in the daytime (Fig. 3) . Temperature increase in the daytime mostly resulted from greater heat production due to higher activity of the bluefin. In summer, on the other hand, the difference between peritoneal cavity and ambient temperatures was much larger than in winter (Fig. 4) , suggesting that activity of the bluefin and heat production may increase from winter to summer. The peritoneal cavity temperature increased in the daytime, showing smallscale fluctuations corresponding to the frequent diving of the bluefin, and decreased in the nighttime. This suggests that the zigzag diving possibly produces heat in the body and thus contributes to the increase in the peritoneal cavity temperature in the daytime. This heat production may enable the bluefin to dive below the thermocline despite low ambient temperature.
DISCUSSION
An optimum temperature based on the surface temperature measured at the bluefin fishing ground by Uda (1957) has been used as an indicator of a good fishing ground. According to this measurement, the optimum water temperature for bluefin tuna ranged from 14 to 19°C, and the favorable water temperature from 12 to 21°C. In this study, the ambient water temperatures of the bluefin were almost within the range of the favorable water temperature (16.3 to 21.5°C). However, when the ambient water temperatures were even within the optimum water temperature, the swimming frequencies of the bluefin at the surface were not always high. In addition, no significant correlation was found between the swimming frequency and the water temperature at the surface, but the frequency was highly correlated with thermal gradients of the water. These results suggest that the swimming frequency at the surface does not depend on the optimum or favorable water temperatures themselves but depends on the vertical thermal gradients. Moreover it was clear that bluefin avoided rapid vertical thermal change at the thermocline and spent most of the time in the mixed layer with the exception of frequent dives both in summer and in winter.
In winter, bluefin swam in a shallower depth during the nighttime and in a deeper depth during the daytime, both within the surface mixed layer. The daily periodic fluctuation in the swimming depth was detected for most individuals of bluefin. This diel periodicity was also reported for other tuna species such as skipjack, yellowfin and bigeye (Dizon et al. 1978 , Holland et al. 1990 , Cayré 1991 . Therefore, this diel vertical movement may be a common characteristic among tunas. Furthermore it is noticeable in this study that some individuals, which had high peaks in diel periodicity, tended to move far from the northeastern coast to southwest off the shore in the eastern East China Sea. By comparing the vertical profiles of the ambient temperature and the frequencies of the swimming depth between southwest off the shore and the northeastern coast, it was revealed that vertical stratification started to develop in a deeper layer southwest off the shore, and that bluefin tended to stay longer around the top of this thermal gradient during the daytime. Since this region is under strong influence from the Tsushima Warm Current, which is bifurcated from the Kuroshio (Masuzawa 1972) , water mass characteristics could be different from the northwestern coast. This may stimulate motivation and enhance the diel periodicity of vertical migration of the bluefin.
In summer, on the other hand, the diel periodicity in the swimming depth became more prominent and was detectable for all of the bluefin individuals. This suggests that the diel vertical migration of the bluefin, as initiated in the region southwest off the shore in winter, further develops in summer, responding to strengthened stratification. In addition, change in the swimming pattern was also found in this period. Though bluefin spent most of their time at the surface in both the daytime and nighttime, they frequently moved, penetrating the lower temperature water of the thermocline in the daytime. This behavior was also reported for other tuna species such as yellowfin and albacore (Carey & Olson 1982 , Hunter et al. 1986 , Block et al. 1997 . Regarding the purpose of diving below the thermocline for yellowfin, Block et al. (1997) interpreted this as behavior for avoiding predator or ship. Holland et al. (1992) , on the other hand, considered the diving in bigeye to be for foraging purposes. The purpose of the diving in immature bluefin is perhaps the latter because the frequency of the diving is quite high and it occurs mostly in the daytime. According to Yamanaka & staff (1963) , bluefin tuna (20 to 65 cm in length) consume anchovies and other fish, plus crustaceans and squid. Although anchovies are generally pelagic fish, their swimming depth tends to be slightly deeper in the daytime in spring-summer (Nozu 1966) , and the greatest swimming depth for anchovies was 125 m in spring and 70 m in summer (Nozu 1966) . Yokota et al. (1961) reported that demersal lanternfishes were found in the bluefin stomach. Furthermore, Maurolicus muelleri, which is most dominant in micronekton in the East China Sea and the Sea of Japan and has been reported as a food of bluefin (Dragovich 1969) , is distributed up to 150 m depth in the daytime (Ohshimo 1998) . These reports give support to the hypothesis that the diving behavior may be related to foraging.
Then, why does bluefin tuna avoid large temperature gradients at the thermocline? According to Holland et al. (1992) , bigeye tuna remain below the thermocline for long durations due to physiological and behavioral thermoregulation. It is evident from their analysis that the heat exchangers of the bigeye are disengaged to allow rapid warming as they ascend from cold water into warmer surface waters, and are reactivated to conserve heat when they return to the depths. However, the immature Pacific bluefin may not have such an effective physiological thermoregulation system, but may thermoregulate by spending most of its time at the surface. This is a possible reason why the bluefin made frequent dives to depth through the thermocline during the daytime. We intend to discuss detailed thermoregulation in the bluefin using timeseries data on peritoneal cavity temperature in another paper.
